Recently, a new approach to atomic layer deposition (ALD) has been developed that doesn't require vacuum and is much faster than conventional ALD. This is achieved by separating the precursors in space rather than in time. This approach is most commonly called Spatial ALD (SALD). In our lab we have been using/developing a novel atmospheric SALD system to fabricate active components for new generation solar cells, showing the potential of this novel technique for the fabrication of high quality materials that can be integrated into devices. In this minireview we will introduce the basics of SALD and illustrate its great potential by highlighting recent results in the field of photovoltaics.
These properties have rendered ALD the technique of choice in the microelectronics industry (e.g. deposition of gap dielectrics for magnetic heads, high-k oxide dielectrics and metal electrodes for Dynamic random-access memories, DRAM). [1] [2] [3] [4] But the burst of nanoscience and nanotechnology in the last decades has also brought an associated boom of ALD popularity, since it allows the nanoengineering of surfaces with precise nanoscale control. As an example, the first report on the homogenous coating of nanoparticles by ALD dates from 2000, 5 In the case of nanoparticles, a fluidized bed reactor is more convenient. 6 This increase in the use of ALD is testified by the publication of 7 general reviews dedicated to ALD in the last decade. 3, [7] [8] [9] [10] [11] [12] Apart from those, reviews have been written covering the application of ALD in specific areas such as nanotechnology, 13, 14 the environment 15 and energy (lithium batteries, 16 fuel cells 17 and photovoltaics 18, 19 ) , and medical and biologic applications. 20 Despite this increasing success, ALD still faces two main drawbacks which compromise both its generalised use in the laboratory and its implementation in large scale, high throughput production lines. First, ALD is a very slow technique (up to 2 orders of magnitude slower than chemical vapour deposition (CVD)) and, second, it usually involves processing in vacuum, thus making it complicated and expensive to scale up.
Both the unique advantages and drawbacks of ALD are the consequence of how it works: ALD is a particular case of CVD in which the reaction is restricted to the sample surface, thus being self-limited. This is achieved by exposing the sample to the reactants at different time, 21 i.e. in a sequence of pulses (figure 1a). In this way, the metal precursors (e.g. Al(CH 3 ) 3 in the case of fabrication of Al 2 O 3 ) are supplied and react with the surface, ideally forming a monolayer.
Excess precursor is then purged, usually by evacuation. The second precursor (e.g. H 2 O) is then injected and reacts with the chemisorbed layer forming a monolayer of the desired material (i.e. Al 2 O 3 ) plus by-products (CH 4 ) that have to be purged along with the excess precursor. The cycle is then repeated the necessary number of times to obtain a very precise film thickness.
Thus, the unique advantages and drawbacks of conventional ALD are a consequence of separating the different precursors in time (figure 1a, conventional ALD is thus also called temporal ALD). 
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The Key to atmospheric, high throughput ALD: from temporal to spatial
Although there have been several approaches to realizing ALD without the need of a high vacuum, Spatial ALD (SALD) has been the most popular in the last years due to its conceptual simplicity and the high deposition rates that can be achieved, and thus has also been called Atmospheric ALD (AALD). 23 Conversely, atmospheric temporal ALD approaches based on fluidized reactors show comparable deposition rates with conventional vacuum ALD since those still rely on injection-purge cycles. [24] [25] [26] [27] The key idea allowing high throughput atmospheric spatial ALD is not new and was indeed patented in 1977 and 1983 by Suntola et al. 28, 29 It simply consists in separating the precursors in space rather than in time (figure 1b), as opposed to temporal ALD. Thus, in SALD the different precursors are supplied constantly in between inert gas regions. Films are then grown by alternatively exposing the substrate from one precursor region to the other going across the inert gas regions (figure 1b). In this way, the oscillation of the substrate (or of the gases injector) from one precursor zone to the second one, going across the inert gas regions, reproduces the classical temporal ALD scheme: the first metal precursor reacts with the surface forming a monolayer while any unreacted precursor is swept away and purged in the inert region; Then the second precursor reacts with the previous monolayer forming a layer of material; Finally the sample returns to the first precursor region again going across the inert region where any by-products and excess precursor are purged. This approach allows much faster deposition rates, which are mainly limited by the precursor reaction kinetics, so that a full reaction can take place while the sample is within the precursor zones. As recently reviewed by Poodt et al. 22 , from 2008 there has been a variety of SALD designs exploiting this idea, some of them already being commercialized. The versatility of Suntola's approach can be appreciated by the multiple designs and configurations presented so far. 22, 30 One of the approaches used in several of the recent SALD designs is the use of a short distance between the precursor delivery zone and the substrate (typically below 100 m, Figure 2a ). In this configuration, referred to as "close proximity SALD", the different gas regions are located along alternative channels where the gases flow parallel to each other, as illustrated in Figure   2a . The close distance of the substrate, i.e. the small gap between injector and substrate, prevents the different precursors from mixing since the inert gas channel acts as an effective barrier. This approach has several advantages including: i) The possibility of having smaller designs since the precursor regions are very small; ii) Simpler designs which are compatible with roll-to-roll processing; iii) The possibility of using gas-bearings. 22 Although several patents on close-proximity SALD where filed from 2008 to 2011, 22 During the last years, in our group we have been using and developing a Kodak close-proximity SALD system, pioneering the deposition, study and implementation of high quality SALD films in low-cost/new generation photovoltaic devices. 23, [34] [35] [36] [37] [38] [39] [40] Our results include: i) The demonstration of the feasibility of using SALD for the ultra-fast deposition of high-quality films that can be integrated in devices; ii) The deposition of materials with superior properties compared to other low temperature and scalable methods; iii) The fundamental studies of new-generation solar cells by using doped oxide films; and iv) The nano-engineering of surfaces with SALD thin films to improve solar cells efficiencies. These results are succinctly reviewed next.
In the first example we used SALD to grow high quality TiO 2 blocking layers for organic (poly 23 One of the main limitations of SALD compared to ALD is that only relatively high volatility precursors can be used in order to have a sufficient amount of precursor molecules in the carrier gas. As the technique becomes more popular, we expect novel precursors to be designed specifically for SALD systems with higher volatility and reactivity. Of course, the price of novel SALD precursors will need to be reasonable in order not to compromise the low cost associated to SALD. But in this sense, SLAD is intrinsically more efficient in terms of precursor utilisation, thus allowing the use of precursors with slightly higher prices than conventional ALD/CVD precursors. Other limitations that will have to be overcome include the ability to maintain the high deposition rates of SALD when high aspect ratio features have to be coated, since precursor diffusion plays a key role in these cases (particularly in the case of high aspect ratio cavities, such as supported alumina templates 51, 52 ). The coating of freeform samples will require novel SALD designs, especially in the case of the close proximity approach.
Additionally, while plasmas have already been implemented in some SALD systems, 22 their use in atmospheric systems will have to be developed by implementing atmospheric plasmas.
Finally, the deposition of complex materials such as multicomponent oxides remains to be explored using SALD.
One of the main advantages of SALD is that it is based on a very simple idea that allows for freedom of design modification, and that it is a very simple and cost-effective research tool, implementable in many different laboratory settings. Thus, customized systems for specific materials or substrates will surely be developed in the coming years. We expect that over the next years we will surely see a proliferation in the utilization of SALD, both in terms of the number of system designs and applications targeted -the areas of flextronics and barrier layer coatings being primary examples.
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